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ABSTRACT 

An  empirical  correlation  was  developed  to  predict  pyrophoric  spark¬ 
ing  from  two  properties:  (1)  the  standard  free  energy  of  formation  per 
oxygen  atom  in  the  metal  oxide  and  (2)  the  metal  oxide  volume  compared 
with  metal  volume. 

Hie  ignition  of  pyrophoric  metals  is  usually  studied  with  very  small 
particle  sites  resulting  in  very  large  surface  effects.  A  simple  impact 
test  was  developed  to  study  large  pyrophoric  pellets  and  the  formation 
of  free  flying  fragments  in  the  laboratory.  This  paper  describes  the 
test  ana  reports  test  results  for  cerium,  misch  metal,  zirconium,  and 
titanium.  Each  of  the  metals  exhibited  different  threshold  conditions 
for  initiation  of  pyrophoric  sparking.  An  experimental  criterion  was 
defined  as  the  Lower  Glow  Temperature. 
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I .  INTRODUCTION 


Pyrophoric  materials  are  defined  by  Webster  as  those  that  (1)  ignite 
spontaneously  and/or  (2)  emit  sparks  when  scratched  or  struck.  Many 
materials  ignite  spontaneously  in  oxidizing  atmospheres  as  a  result  of 
their  extreme  reactivity.  Examples  of  such  materials  are  metal  hydrides 
and  alkyls  such  as  lithium  hydride  and  trimethyl  aluminum.  Dusts  of 
very  small  diameter  metal  particles  may  also  ignite  when  exposed  to  air 
at  room  temperature.  The  ignition  temperatures  of  these  dusts  usually 
vary  with  particle  size  and  surface  history. -1**2' 3 

In  this  exploratory  study,  we  are  concerned  primarily  with  the 
second  definition  where  bulk  metal  pieces  spark  profusely  when  ground, 
abraded,  impacted,  or  otherwise  subjected  to  mechanical  shock.  Pyro¬ 
phoric  sparking  is  a  unique,  little  understood  property  of  a  few  metals. 
It  is  the  purpose  of  this  work  to  investigate  the  nature  cf  pyrophoricity 
and  furnish  a  method  for  distinguishing  between  materials  that  are  pyro¬ 
phoric  and  others  that  are  not.  Both  empirical  correlations  of  the 
available  physical  properties  of  the  elements  and  an  experimental  test 
of  pyrophoric  sparking  were  employed  toward  this  end. 

Cerium,  zirconium  and  uranium  are  most  commonly  described  as  pyro¬ 
phoric  metals  in  terms  of  the  above  definition.  Some  of  the  chemical 
ard  physic*.!  properties  of  these  metals  are  shown  in  Table  I.  Cerium  is 
the  major  constituent  of  misch  metal  which  is  used  in  the  manufacture  of 
lighter  flints.  Tire  ease  of  sparking  of  lighter  flints  is  well  known. 

The  character  of  the  sparks  from  present  day  lighter  flints  is  somewhat 
different  from  the  old  flint  and  steel  sparks.  The  former  ignite  hydro¬ 
carbon  fuel-air  mixtures  while  the  old  flint  and  steel  sparks  could  only 
ignite  t  xtremely  flammable  material  such  as  tinder  or  charred  cloth. 
Sparks  from  pyrophoric  materials  sometirAs  multiply  in  dramatic 
cascades . 

as  shown  in  Table  1,  uranium  has  a  relatively  low  spontaneous 
ignition  temperature .  When  such  temperatures  are  reported,  they  have 

H> *jT?  tvuev’tf  --in  or  •  .  >.;•••  y,v> . 
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been  measured  for  powders.  The  results  are  seen  to  vary  greatly  with 
particle  size,  surface  oxidation,  and  surface  history,  such  as  anneal- 

9  10 

ing  and  the  presence  or  luck  of  chemically  or  physically  absorbed  films.  ' 


Table  I.  Properties  of  Py^phoric  Metals 


Zr 

Ce 

U 

Atomic  Number4 

40 

58 

92 

Electronic  Structures5 

.  ,2  -  2 

4d  5s 

4f2  Sd1  6s2 

SF1  6dX 

Specific  Gravity  (20°Cj 

6.506 

6.771 

18.95 

M.P.,  °C4 

1852 

798 

1132 

B.P.,  °C4 

4377 

3257 

3818 

Heat  of  Comb.,  K  cal/a? 

2.8 

1 .9 

1.097 

36 

Heat  of  Comb.,  K  cal/ cm 

18 

13 

20. 47 

Spontaneous  Ignitior 

ISO 

150  ICO 

20 

Temperature,  °CS 


The  surface  area  a1  ail  able  for  reaction  is  increased  greatly  by  sub¬ 
division  of  a  gives  mass  of  material.  For  example,  the  surface  area  on 
one  gram  of  a  material  with  a  density  of  2.30  is  shown  in  Table  II  for 
subdivision  in  c 'bes  with  an  edge  length,  l. 

Table  II.  F.ffect  of  Particle  Size  on  Surface  Area'1 


f  ,  cm 

A,  cm'Vg 

U)"1 

26.1 

10"  3 

261  .0 

ID"5 

261,000 

H)"6 

2,610 .000 

<  i "  ' 

26 ,100,000 

formally,  high  surface  area  to  mass  ratios  greatly  magnify  solid  surf act 
effects  in  reactions  with  gases  Thus ,  experiments  involving  ignition 
•  ■ :  powder''-  reqni  v  (..artful  attention  to  o>.  eti  mental  cor.Ji  t.i  uns  and 


coordination  and  reaction.  inis  1  i  •• 
stable  transition  metal,  tungsten.,  wt  ich  has  Sd 


. tam ir. at'  on. 


v ,  ...  r  i 


is  i  s  t.  an 

1  v  I  t ‘  s 

'll  t  s  . 

onhov  . 

me : 

.a  is  a:  ,s c  .i  os  o  r wo 

ten  iv.;.- 

t  u 

nd  s!  s  i ree  i . ...  v e 

l 

.  ;  ura 

>'ii  ijm 

has  :>d  '  Hid 

l  o  i  b  i 

t  a  l  s- 

ire  .vail  shin  P, 

•n  t  r  <j  s  t 

+■ 

he  1  oifipara  i  i  ve  iy 

has  5d 

4 

W  L  v  !i*  .l 

y  to 

o v alu a  t e  th c  e f f t c - 

i  c  rne  ♦ 

a  Is  a 

gainst  a  variety  ot 

loose] 

y  oat  to  1 1  eel  fac t  o  rs 

. ading 

t  o  i 

floor os  is  t  en  t  and 

able  f 

cir.t  v.  r 

1 1 1  c  1 1 1  i  e  t,  o  vn  p  c  r :  ;  u  r 

3  a  i 

■vr  wi  r 

Is.  the  general  targe  t 

n  i  f 

.  \ 

f  these  :  -  to  —  - 

a  difficult  and  cent  5'’u its g  *s  k . 


On  the  other  hand,  .*  i  iborato  r  toe  advantage  of  gene  r  1  .  y 

better  controlled  condition  ,  Jo-  nr  manpower  and  cost  requi  rome.ds  , 

and  qu<  rk  its;  >  .?e  !  t  won?  d  be  11  t  .  ••  s  i :  roe  ”  t-v;  t  to 

•'a  term' ne  the  spr^king  ab.i  I  >  of  *ii  I'te  .  nr  r,  te  to:,  The  r.,ut  «.ou  i  d 
then  furnish  a  means  tc  study  tbi  urmat  •.  f  pyrophoric  fragment',  a.  id 
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Since  an  intuitive  examnat  10:  >1  metat  ‘  p.  o  :  u;  i  no »  >. 

some  physical  arm  chemi  cal  propt*  rt  ies  i.,i  i't  cor  re  late  w  s  tti 
ef  pyrophoricity,  trie  known  prupe:  t  l  •  .  of  some  pyr,  poor i c 

wa.  louiil  between  the  unai  conduct.!  t  l  ty  mu  :>y  t 
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energy  of  formation  per  oxygen  atom  ir.  the  wetal  oxide  is  a  parameter 
indicating  relative  ra<ot.ai  reactivity  with  oxygen.  It  is;  also  »  good 
indicator  of  the  heat  available  from  reaction  of  the.  metal  with  oxygen. 


The  other  parameter  of  interest  is  oxide  expansion.  The  violent 
expansion  of  mete1  during  its  oxidation  may  be  one  cause  of  the  explosive 
cascnding,  c-r  "pop  corning/’  observed  with  pyrophoric  sparks .  To  explore 
this  concept  the  ratios  of  the  metal  oxide  and  metal  specific  volumes 


wore  cal  ci’ li  red  by  ire  a  as  of  the  fo*  lowing  forreu  3 


formula  weight  of  oxide/ atom  of  metal 


metal  dens  it) 


-  atomic  weight  c.f  the  metal 


metal  oxide  dens i  tv. 


for  example,  the  ratio  of  oxide  to  metal  for  titanium  is 


ku^ys*A*i, , , 

147.91  (4.261 


oyins’1-  ot  this  rat  v*  those  for  other  metal  s  gives  a  re!  atr 


order  of  magni  tude  for  the  ex.ptaas  i  xn  of  the  reacting  material.  \ 


coi  relation  of  tins  ratio  and  the  free  ent  ryv  of  format  ion  of  the  oxide 


or  is  elements  is  s hown  in  figure  1 


o.:iii  he  seen  that  these  measures  of  reactivity  and  oxide  ex  pan*  ion 
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F?©e  Energy  of  Formation  vs  G* ide  Expansion 


but  the  pure  sMpf.aJ  is  qw&rentiy  too  suit  to  spark  appreciably  when 
abraded.  Thus,,  if  other  anomalies  aie  found  state  additional  metal 
property  such  m  lardn^ss  may  have  to  be  considered  to  estiost®  pyro¬ 
phoricity.  Thoviuu*  c 1  so  has  relatively  high  reactivity  and  a  high  oxide 

9 

volume  ratio.  It  has  been  called  pyrophoric  ,  but  its  sparking  ability 
should  be  investigated  further  in  the  tests  described  in  this  report. 

From  this  correlation,  empirical  criteria  for  pyrophoricity  were 
tentatively  established  to  determine  promising  pyrophoric  materials. 

The  threshold  for  negative  standard  free  energy  of  formation  was  set  at 
100  since  titanium  is  101.9  kg  cal/mole/o  atom.  Titanium  in  experiments 
to  be  described  later  shows  a  tendency  to  spark  profusely  up«r.  impact. 

The  other  parameter  of  interest  in  the  above  correlation  is  the  ratio  of 
specific  volumes  of  oxide/metal.  From  the  sharp  division  of  pyrophoric 
and  non -pyrophoric  in  the  correlation,  a  specific  volume  ratio  of  1.0 
was  selected  as  the  threshold.  It  appears  necessary  for  a  metal  to  have 
value  -:  above  both  threshold  criteria  in  order  to  be  pyropnoric . 

Sufficient  data  were  available  for  60  elements  to  estimate  their 

pyrophoricity  according  to  these  criteria.  Some  14  elements  possess 

properties  thvt  suggest  pyrophoric  behavior.  The  results  are  summarized 

in  Table  HI,  The  elements  that  fit  this  pyrophoricity  criteria  are: 

aluminum,  beryllium,  cerium,  hafnium,  lanthanum,  neodymium,  plutonium, 

praseodymium,  samarium,  thorium,  titanium,  uranium,  yttrium,  ana  zirconium. 

■'"hese  materials  should  be  tested  further  to  confirm  their  pyrophoric 

condencios.  Alloys  of  pyrophoric  wi.;h  other  pyrophoric  and  pyrophoric 

with  nor  pyrophoric  materials  could  also  be  considered.  For  example, 

f) 

hot h  ZrSn  and  F eCe  alio y*  spar!  profuse}/  under  impact. 
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TABLE  III 

Empirical  Pyrophoricity  Determination 


AFfu 

Vol.  Oxide 

Estimated 

Ox  ids 

Kr  Cal/mole/o 

Vol.  Element 

Pyrophoricity 

A12°3 

-125.59 

1.28 

Yes 

As4°6 

-  4S.89 

2.02 

No 

Sb_0  . 

-  47 

1.44 

No 

2  4 

Bao 

-126.3 

.78 

No 

BeO 

-139.0 

2.77 

Yes 

Bi2°i 

-  39.57 

1 .28 

No 

F  °3 

-  94.33 

3.06 

No 

L.lO 

-  53.79 

1.21 

No 

CaO 

-144.4 

.83 

No 

Ce02 

-116* 

1.23 

Yes 

Cs  0 

-  75.9* 

0.468 

No 

Cr^Oj 

-  63.6 

3.92 

No 

CoO 

-  51.0 

2.30 

No 

Cu„0 

-  54.94 

1.70 

No 

Ga2°3 

-  36* 

1 .350 

No 

GeO^ 

-  64.1* 

1.23 

No 

Au,0 

+  13.C 

- 

No 

A  vf 

HfO  A 

-135.7* 

1  .62 

Yes 

4a 

ln.,0 

-  74.2* 

1  .22 

No 

*..  *> 

I  rO , 

-  20.1* 

8.30 

Ho 

tin 

Fe70 

-  59.0 

2 . 06 

No 

La,...0„ 

•153* 

1  .11 

Yes 

X  «./ 

PhD 

-  26.1/ 

1.31 

No 

Li?0 

-14 2.4* 

.60 

No 

MgO 

-136 , 13 

0 .84 

No 

M«0,. 

-  55.7 

2.07 

No 

Kgi> 

13.99 

1.32 

No 

MoO  „ 

••■  E3.98 

3.25 

No 

Nd20j 

...  1 4  7 .  t  * 

1  . 12 

Yes 

N  i  0 

-  $1. 7 

1  .68 

No 

■ft  A, 

J'V  i  0,  <1- 

2.74 

No 

17 
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TABLE  III 

Empirical  Pyrophoricity  Determination  (continued) 


Oxide 

AFf° 

Kg  Cal/mole/o 

Vol. Oxide 

Vol „ Element 

Estimated 

Pyrophoricity 

0s04 

-  17.6 

6.12 

No 

FdO 

-  20.4* 

1.51 

No 

P4°10 

-  72.0** 

1.75 

No 

Pu02 

-126* 

1.96 

Yes 

Po07 

-  23.1 

- 

No 

K20 

-  86.4* 

0.S1 

No 

-148.2* 

1.12 

Yes 

RaO 

-125* 

- 

- 

Re^0_ 

6  / 

•  42.5* 

4.38 

No 

Rh2°3 

-  22.8* 

2.29 

No 

Rb  °2 

-  SO. 9* 

0.498 

No 

RUO, 

~  26.3* 

2,32 

No 

SeO- 

z 

-  27.5 

1.71 

No 

Si07 

-  96.2 

2.04 

No 

Ag20 

-  2. 59 

1.58 

No 

Na2  0 

-  90.0 

0.32 

No 

Sm2°3 

-  103 

1.06 

Yes 

SrO 

-  133.8 

0.69 

No 

Ta2°5 

-  94.1 

2.47 

No 

TeO 

-  32.3 

1.38 

No 

n2o 

-  32.5 

1.29 

No 

Th02 

-140.1*** 

1.36 

Yes 

Sn02 

-  62.1 

1.19 

No 

no.. 

-101.9 

1.78 

Yes 

w°; 

-  60.8 

3.40 

No 

U0o 

-128 

3.10 

Yes 

Vs 

-  68.8 

3.17 

No 

V  o  ■* 
y2°-> 

-102 

1  .44 

Yes 

ZnO 

-  76.05 

1 . 63 

No 

Zr02 

-122.2 

1.55 

Yes 

'Calculated 

* “Calculated 

from  AH  _o 

from  AH^o  in  Handbook 

of  Chemi stry ,N. 

Lange  , fxl .  ,  9  Ed  ,19! 

•••Calculated 

from  ;'. r-^o  in  Handbook 

of  Chemistry,  N 

.  lange  Ed.  ,9  Ed. , 
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III.  experimental 

Metal  samples  were  used  as  obtained  from  the  suppliers.  Sponge 
(irregular,  fractured  lumps 3 ,  solid  ro'  .  and  dust  samples  of  zirconium 
as  Commercial  Grade  11  were  supplied  by  Amax  Specialty  Metals,  Inc., 

Akron,  New  York.  Lengths  of  3/16”  diameter  misch  metal  rod  were  purchased 
from  Ronson  Metals  Corporation,  Newark,  N.J.  Both  75M2  (75%  rare  earths, 
23%  iron,  2%  magnesium)  and  95M  (95%  rare  earths,  5%  magnesium)  grades 
were  used.  A  typical  analysis  of  the  rare  earths  in  misch  metal  is  53% 
cerium ,24%  lanthanum,  16%  neodymium,  51  praseodymium,  2%  other  rare 
earths.  Pure  cerium  (99.9%)  ingots  were  purchased  from  Research  Organic/ 
Inorganic  Chemical  Corp.,  Sun  Valley,  Calif.  ar.J  carefully  machined  to 
the  desired  shapes.  Lump,  reagent  grade  antimony  was  obtained  from 
Fisher  Scientific  Co.,  Pittsburgh,  Pa.  Pure  aluminum  and  copper  rods 
were  obtained  locally.  Irregular  lumps  of  titanium  metal  were  purchased 
from  Fisher  Scientific  Company  as  fused  titanium  metal,  C.P. 

IV.  METAL  TEMPERATURE  EFFECTS 
A.  Misch  Metal  and  Cerium 

In  order  to  test  the  ignition  of  metal  samples  larger  than  dusts, 
metal  samples  ranging  in  weight  from  a  few  milligrams  to  several  grams 
were  heated  to  temperatures  at  and  above  their  reported  "autoignition 
temperatures."  For  example,  75M2  misch  metal  was  heated  at  200°  in  air 
for  3  days  without  glowing,  burning,  or  sparking.  It  only  corroded  or 
oxidized  slower.  This  is  in  contrast  to  its  reported  autoignition 
temperature  of  150~18Q°C,  When  the  misch  metal  was  heated  at  higher 
temperatures  (600- 1000°C)  in  air  it  glowed  bright  orange,  but  still  no 
flames,  sparks, or  burning  were  seen.  In  an  argon  atmosphere  the  misch 
metal  did  not  glow  brightly  when  heated  at  830cC.  The  same  piece  glowed 
brightly  when  subsequently  exposed  to  air.  Thus,  the  glowing  apparent ly 
results  fr^s  an  oxidation  reaction. 
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This  bright  orange  glow  was  necessary  for  profuse  sparks  upon  impact 
with  drop  weights  as  will  oc  discussed  later  in  this  report.  An  iron  nut 
in  the  furnace  served  as  a  reference  for  the  appearance  of  glowing 
although  the  pyrophoric  glowing  was  bright  enough  itself  to  be  easily 
distinguished  from  normal  radiation. 

Bulk  pieces  above  the  Lower  Glow  Temperature  begin  to  glow  at  lengths 
of  time  dependent  on  the  furnace  temporature.  The  length  of  time  was 
measured  from  the  beginning  of  heating  until  the  appearance  of  the  bright 
orange  glow.  Figure  2  shows  the  time  to  glow  as  a  function  of  fumance 
temperature.  Small  rods  of  75M2  misch  metal,  3/16"  diameter  by  1/2" 
length,  were  set  in  a  combustion  boat  in  the  hot  fumance  and  the  time 
measured  for  the  onset  of  a  bright  orange  glow.  At  temperatures  below 
about  400°C  no  bright  orange  glow  appeared.  This  limiting  temperature 
is  the  Lower  Glow  Temperature.  Bulk  pieces  do  not  glow  at  temperatures 
below  the  Lower  Glow  Temperature. 

The  time  to  glow  for  95M  misch  metal  is  shown  in  Figure  3.  Shorter 
times  to  the  beginning  of  bright  glowing  were  observed,  but  the  Lower 
Glow  Temperature  Limit  is  about  the  same  as  that  found  for  75M2  within 
the  experimental  error. 

Pure  cerium  pellets  with  the  same  geometry  began  to  glow  faster  than 
75M2  and  95M.  For  example,  at  600°C  it  began  to  glow  in  only  27  seconds 
compared  with  98  second*  for  75M2  and  50  seconds  for  95M. 

B.  Zirconium 

Zirconium  sponge  was  heated  similarly,  but  the  time  to  glow  was  very 
dependent  on  particle  size  as  shown  in  Figure  4.  As  might  be  expected,  the 
smaller  particles  begin  to  glow  in  a  much  shorter  time  than  larger  pieces 
exposed  to  the  same  temperatures.  This  may  be  due  to  heat  loss  from  the 
metal  particle  surface  to  the  interior.  This  would  result  from  heat 
transfer  losses  tc  the  interior  of  the  metal  paitiele  from  the  surface. 

The  oxidation  appears  to  proceed  in  two  steps,  giving  an  orange  glow  first, 
and  then  white  incandescence  for  particles  ranging  from  0,18  g  up  to  a 
gram.  Since  the  white  incandescent  state  was  needed  for  sparks  on  impact 
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Figure  2  -  75M2  Misch  Metal  Temperature  vs.  Glow  Time 
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(with  zirconium  no  sparks  could  be  initiated  by  impact  during  the  orange 
glowing  phase)  the  Lower  Glow  Temperature  was  580°C. 

The  time  to  glow  for  zirconium  sponge  as  a  function  of  -urnace 
temperature  is  shown  in  Figure  5.  Three  particles  of  0.80  +_  06  g  were 
used  in  this  case.  Larger  pieces  had  a  much  flatter  curve  witn  ‘.uch 
longer  times  to  glow.  Smaller  pieces  showed  little  variation  in  time  to 
glow  with  furnace  temperatures,  but  were  either  "glow  or  no-glow"  at 
temperatures  above  or  below  580°C,  respectively. 

Pieces  of  solid  zirconium  rod  in  the  same  weight  range  showed 
dissimilar  behavior  in  that  they  only  glowed  orange.  They  did  not  pro¬ 
gress  to  the  white  incandescent  state  after  heating  at  900°C  for  periods 
up  to  12  minutes.  The  reasons  for  this  difference  in  behavior  are  not 
well  understood.  Further  work  with  different  physical  forms  of  zirconium 
may  be  needed  to  clarify  their  behavior.  Void  spaces  in  the  sponge  may 
act  as  insulation  and  prevent  heat  loss  during  rapid  oxidation  of  the 
metal  since  the  specific  gravity  of  the  zirconium  sponge  used  in  these 
experiments  was  measured  to  vary  from  2.4  to  22.9%  lower  than  the 
literature  value. 

C.  Titanium 

Titanium  behaved  like  zirconium  as  shown  in  Figure  6  (920°C)  and 
7  (870°C) .  Samples  of  sponge  titanium  proceeded  through  an  orange  glow 
tc  white  incandescence.  The  pieces  did  not.  always  proceed  to  whiteness. 

At  lower  temperatures,  even  after  ten  minutes  heating,  no  samples  would 

go  to  whiteness.  Since  the  whiteness  was  needed  for  sparks  on  impact,  the 

o 

Lower  Glow  Temperature  for  titanium  sponge  appears  to  be  870  C.  As  with 
zirconium,  solid  titanium  rod  would  rot  go  to  whiteness  after  heating  at 
900°C  for  long  periods. 

D .  Other  Metals 

Some  metals  that  are  not  predicted  to  be  pyrophoric  were  also  heated. 
Aluminum  only  melted  when  its  temperature  rose  to  the  melting  point 

(660°C)  without  any  sign  of  glowing,  sparking,  or  burning.  Antimony 

o  o 

(m.p.630'C)  behaved  similarly.  Copper  (m.p.  1083  C  did  not  glow,  spark, 
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Temperature  on  Zirconium 


or  burn  at  temper "tures  up  to  900°C. 

E .  Glow  Propagation 

Th  pr opi-0r»-ior>  of  the  glowing  was  observed  with  long  rods  of  misch 
metal.  The  bright  orange  glow  wa^  -Sserved  to  propagate  down  6*’  lengths 
of  misch  metal  rod  having  a  3/16”  d^apeter.  The  rods  were  initially  at 
22°C  and  were  held  horizontal  by  an  asbestos  insulated  clamp  at  one  end. 

The  other  end  of  the  rod  was  heated  intensely  by  a  propane  torch.  The 
heated  end  began  to  glow  with  bright  orange  color  and  the  torch  was 
removed.  The  glow  moved  down  the  9SM  rod  in  air  at  an  average  of  2.75 
cm/minute  leaving  a  cool,  grey,  wrinkled  rod  behind  it.  The  red  gained 
4.5%  in  weight  during  the  glowing.  This  compares  with  25.4%  weight  gain 
for  complete  oxidation  as  measured  after  prolonged  heating.  The  rod 
increased  in  length  by  47%  during  the  heating.  The  glow  would  net 
propagate  more  than  one  cm  down  a  similar  rod  of  75M2  misch  metal. 

The  expansion  of  misch  metal  during  oxidation  can  be  seen  in  Figure 
8,  A  rod  of  1/16  inch  diameter  was  heated  to  650°C  in  air  in  a  thermal 
analysis  ceramic  cup.  The  cinder-like  residue  was  more  than  twice  the 
bulk  volume  of  the  metal  rod. 

V  DERATION  OF  PYROPHORIC  FRAGMENTS 

The  drop  weight  impact  apparatus  that  was  used  to  generate  pyrophoric 
sparks  and  fragments  from  the  glowing  samples  is  shown  in  Figure  9.  The 
dimensions  of  the  apparatus  are  shown  in  Figure  10.  The  recovered 
fragments  varied  in  shape  and  were  generally  less  than  0.1  gram  in  weight. 
The  sparks  were  directed  at  a  45°  inclined  stainless  steel  plate  which  led 
to  an  enclosed  tray  where  terminal  ballistics  experiments  were  carried  out 
to  study  fragment  properties  and  ignition  of  combustible  materials.  inese 
experiments  will  be  described  in  later  reports. 

The  order  of  magnitude  of  kinetic  energy  necessary  to  initiate  sparking 
u\  the  glowing  pellets  was  determined  from  different  drop  heights.  Photo¬ 
graphs  of  sparks  from  lu,  20,  30  and  39.1  cm  drops  are  shown  in  Figure  11. 
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These  heights  correspond  to  0.166,  0.332,  0.50  and  0.65  newton  meters 
with  a  drop  weight  of  i69  grams.  Upon  falling  from  a  height  of  39.1  cm 
as  is  the  case  in  most  runs,  the  impact  velocity  is  276  cm/sec. It  seems 
that  a  kinetic  energy  of  at  least.  0.332  newton  m  is  needed  for  extensive 
sparking.  In  some  tests  glowing  pellets  were  merely  dropped  from  30  cm. 
In  these  tests  some  sparking  occurred,  but  it  was  not  as  dramatic  as 
those  generated  in  the  impact  apparatus. 

High  temperatures  alone  did  not  cause  sparking  in  the  pellets,  but 
the  combination  of  both  heat  and  impact  in  the  ranges  discussed  her* 
gave  profuse  sparks.  Although  either  extremely  high  temperatures 
(>1000°C)  or  very  high  kinetic  energy  impacts  alone  may  lead  to  sparking, 
the  point  to  be  emphasized  is  the  t resence  of  thresholds  of  temperature 
and  impact  for  sparking  in  the  sensitive  laboratory  conditions  described 
here. 

It  was  shown  that  an  oxidizing  atmosphere  is  necessary  to  the  spark¬ 
ing  process  by  heating  a  pellet  of  75M2  misch  metal  in  air  at  700°C. 

It  was  glowing  brightly  when  it  was  placed  on  the  anvil  of  the  impact 
apparatus  which  was  in  a  covered  tray  filled  with  argon  After  impact, 
small  glowing  particles  dispersed  from  the  impact  apparatus,  but  they 
were  not  sparking  fragments.  They  were  not  bright  and  cascading.  Thus, 
the  misch  metal  was  sufficiently  softened  at  700°C  to  easily  breakup 
upon  impact.  The  hot  fragments  did  not  "explode"  or  spark  in  the  inert 
argon  atmosphere. 

High  sp.ed  motion  pictures  of  free  flying  fragments  after  impact 
show  p.i.  eroding  type  of  breakup  of  the  larger  pieces  during  flight.  The 
fre^raents  had  velocities  between  1,000  and  2,000  cm/sec. 


VI.  CONCLUSIONS 


A  search  of  the  chemical  and  physical  properties  of  metals 
revealed  that  a  combination  of  two  properties  -  the  free  energy  of 
formation  of  the  metal  oxide  per  oxygen  atom  and  the  ratio  of  metal 
oxide  to  metal  specific  volume  -  furnished  a  distinction  between  known 
pyrophoric  and  non-pyrophoric  metals.  Using  these  nroperties, 
fourteen  elements  were  predicted  to  possess  pyrophoric  sparking 
capability.  They  have  both  high  reactivity  and  high  oxide  volume 
ratio. 

A  simple  test  was  developed  using  heat  and  impact  to  experimentally 
test  materials  for  pyrophoricity.  When  pyrophoric  metals  were  heated 
above  their  Lower  Glow  Temperature  they  began  to  glow  brightly  and, 
upon  impact  with  a  small  standard  weight,  gave  a  profuse  shower  of 
sparks.  The  order  of  Lower  Glow  Temperature  found  was  (misch  metal 
and  cerium)  <  zirconium  <  titanium. 

Pyrophoric  and  non-pyrophoric  metals  were  tested  as  above.  The 
two  known  pyrophoric  metals,  cerium  and  zirconium,  sparked  vigorously. 
The  two  potential  pyrophoric  metals  (according  to  the  above  empirical 
criteria),  aluminum  and  titanium,  were  tested  and  while  the  titanium 
sparked,  the  aluminum  did  not.  Three  non-pyrophoric  metals  (iron, 
copper,  and  antimony)  did  not  spark. 

From  these  exploratory  results  it  appears  that  the  high  reactivity 
and  high  oxide  expansion  criteria  are  necessary  for  a  metal  to  be 
pyrophoric,  but  are  not  sufficiently  limiting.  Additional  criteria 
may  be  needed  to  further  reduce  the  field  of  potential  pyrophoric 
metals . 

The  thermo -impact  bench  test  can  be  used  to  screen  n~w  metals  and 
alloys  for  pyrophoric  behavior.  It  is  planned  to  further  study  the 
initiation  of  pyrophoric  behavior  and  to  utilize  the  sparks  generated 
from  the  impact  as  ignition  sources  in  controlled  experiments. 
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